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Abstract

As part of the INTEX-NA (INtercontinental chemical Transport EXperiment-North America)
and ITCT (Intercontinental Transport and Chemical Transformation of anthropogenic pollution)
field studies, the NASA Ames 14-channel Airborne Tracking Sunphotometer (AATS-14) and a
pair of Solar Spectral Flux Radiometers (SSFR) took measurements from aboard a Sky Research
Jetstream 31 (J31) aircraft during 19 science flights over the Gulf of Maine during 12 July — 8
August 2004. The combination of coincident AATS-14 and SSFR measurements yields plots of
net (downwelling minus upwelling) spectral irradiance as a function of aerosol optical depth
(AOD) as measured along horizonta flight legs. By definition, the slope of these plots yields the
instantaneous change in net irradiance per unit AOD change and is referred to as the
instantaneous spectral aerosol radiative forcing efficiency, E;, [W m? nml]. Numerica
integration over a given spectral range yields the instartaneous broadband aerosol radiative
forcing efficiency [W m?]. This technique for deriving E; is called the aerosol gradient method.
Within 10 case studies considered suitable for our analysis we found a high variability in the
derived instantaneous aerosol forcing efficiencies for the visible wavelength range (350-700 nm),
with a mean of -79.6 W m? and a standard deviation of 21.8 W m?(27%). An analytical
conversion of the instantaneous forcing efficiencies to 24h-average values yielded -45.8+13.1 W
m? (meantstd). We present spectrally resolved aerosol forcing efficiencies between 350 and
1670 nm, estimates of the midvisible aerosol single scattering albedo and a comparison of

observed broadband forcing efficiencies to previously reported values.



1 Introduction and definition of aerosol radiative forcing of climate

Atmospheric aerosols exert a direct effect on the Earth’ s radiation balance by scattering and
absorbing solar and longwave radiation and an indirect effect through the modification of cloud
radiative properties, as well as cloud formation and maintenance. Both effects can be studied
using in situ[e.g., Redemann et al., 2000; Fiebig et al., 2002], satellite [e.g., Zhang et al., 2005;
Coakley et al., 2002] or suborbital remote sensing data [e.g., Hignett et al., 1999; Russell et al.,
1999; Kimet al., 2005], with advantages and drawbacks to each method. For the study of
aerosol-climate interactions, we are mainly interested in aerosol effects on the atmospheric
radiation balance. Hence, an actual measurement of atmospheric irradiance is preferable to
methods which require the deduction of the aerosol effect on irradiance based on in situ aerosol

properties or measurements of satellite radiances.

In this paper we use coincident airborne measurements of aerosol optical depth (AOD) and
spectral solar irradiance to quantify the aerosol direct radiative effect, also referred to as the
“aerosol direct radiative forcing of climate”, hereafter denoted DF. There have been a number of
different definitions and interpretations of this term In most studies, aerosol radiative forcing of
climate denotes the difference in net (downwelling minus upwelling) irradiance with and without
aerosols present. Direct aerosol radiative forcing is more clearly specified by adding terms to
describe (i) the spectral range (e.g., visble, solar, shortwave, longwave), (ii) the time period
(e.g., instantaneous, noonttime, diurnal average, “since pre-industrial times’), and (iii) the
location within the atmosphere (e.g., surface, TOA- top of the atmosphere, TOL —top of the

aerosol layer) for which the forcing is determined. These definitions are necessitated by the fact



that DF is astrong function of wavelength, solar zenith angle, surface albedo, altitude of the
aerosol layer, as well as atmospheric composition and aerosol optical properties[e.g., Hansen et
al., 1997]. To match the aerosol radiative forcing to the correspording aerosol change, the term
aerosol radiative forcing efficiency, E = DF /[ , isintroduced. It denotes the aerosol direct
radiative forcing per aerosol optical depthchange, the latter usually specified at midvisible
wavelengths. The lack of or incomplete reporting of specific conditions has caused a great deal

of confusion and misinterpretation of aerosol radiative forcing results in the literature.

Because aerosol radiative forcing of climate is defined as the difference in net iradiance with and
without aerosols present, a measurement of this quantity is difficult to achieve. The most
common method of deriving aerosol radiative forcing has beento measur e net irradiance in the
presence of aerosol, modeling net irradiance in the absence of aerosols and determining aerosol
radiative forcing as the difference of the two. Here, we are primarily concerned with assessing
the direct, solar (i.e., between 350 and 1700nm) aerosol radiative forcing efficiency, E; and Eosn,
with the subscripts “i” and “24h” denoting the instantaneous and the diurnally averaged values,
respectively. All forcings and forcing efficiencies reported in this paper are measured near the
surface at an altitude at or below 80 m above sea level (ASL) and determined from simultaneous,
low-level aircraft measurements of aerosol optical depth and net irradiance in aerosol optical
depth gradients over dark water in the Gulf of Maine in the summer of 2004. This method has
been termed the “aerosol gradient method” and was first proposed by Pope and Valero [2004]
for airborne measurements collected in ACEAda (Aerosol Characterization Experiment — Asia)

and INDOEX (Indian Ocean Experiment). With the exception of a model-based correction for



changes in irradiance caused by changes in the solar zenith angle during the gradient observation
period, the gradient method is an observationally-based assessmert of aerosol direct radiative

effects. The spectral range of the various results will be given in parentheses.

2 Measurements

In this paper we describe measurements aboard a Sky Research Jetstream 31 (J31) aircraft during
19 science flights (~53 flight hours) over the Gulf of Maine during 12 July — 8 August 2004 as
part of the the INTEX-NA (INtercontinental chemical Transport EX periment-North America)
and ITCT (Intercontinental Transport and Chemical Transformation of anthropogenic pollution)
field studies. The J31 was one of the platforms designated by ICARTT (International Consortium
for Atmospheric Research on Transport and Transformation) to study the impact of aerosols on
the atmospheric radiation balance. The meteorological conditions during the campaign were
characterized by cooler than normal temperatures. The synoptic meteorology was much more
disturbed than normal, with frequent weak frontal passages, and dominated by a persistent upper-
level low over Manitoba and northern Ontario. In the western Gulf of Maine, where the
measurements used for this paper were collected, the conditions resulted in weaker than normal
offshore flow near the surface and therefore a much cleaner marine boundary layer. Upper level
flow patterns were conducive to transport of biomass burning products from Alaskan forest fires
during the second half of July 2004. Specific transport processes occurring during the campaign
were simulated using a quantitative dispersion modd [Stohl et al., 1998]; the model runs are

available online at http://www.al.noaa.gov/icartt analysis/.




The observations important to this paper are spectral solar irradiance measured by a pair (nadir
and zenith viewing) of spectral solar flux radiometers (SSFR) [e.g., Pilewskie et al., 2003] and
spectral aerosol optical depth measured by the NASA Ames Airborne Tracking Sunphotometer

(AATS-14) [e.g., Russdll et al., 1999, Redemann et al., 2005].

The SSFR is used to simultaneously measure upwelling and downwelling irradiance between
350 and 1670 nm with a spectral resolution of 8-10 nm at a data rate of 1 Hz. Prior to and
following field deployment the SSFR was calibrated using 1000 W NIST traceable irradiance
standards. In the field a LI-COR Field Calibrator was used to monitor the stability of the SSFR
over the duration of the experiment. The absolute accuracy of SSFR irradiance spectra is
estimated to be 3-5% across the spectrum, while precision is between 0.1-0.5%. Because the
derivation of forcing efficiency depends on the change in irradiance rather than its absolute
magnitude the SSFR precision is more important than absolute accuracy. The greatest SSFR
irradiance contribution to uncertainty in forcing efficiency comes from the aircraft attitude

(discussed in Section 4.1).

AATS-14 measures direct solar beam transmission at 14 wavelengths between 354 and 2139 nm
in narrow channels with bandwidths between 2 and 5.6 nm for the wavel engths between 354 and
1640 nm and 17.3 nm for the 2139 nm channel. The transmission measurements at al channels
except 940 nm are then used to retrieve spectra of aerosol optical depth. In addition the
transmission at 940 nm is used to derive columnar water vapor [Schmid et al., 2001].

Radiometric calibration of AATS-14 is determined using the Langley-plot technique [cf., Schmid



and Wehrli, 1995]; methods for AATS-14 data reduction, calibration, and error analysis have
been described previously [Russell et al., 1993; Schmid et al., 1997 and 2001]. AATS-14 was
calibrated based on pre-mission measurement s at Mauna Loa Observatory in June 2004 and
airborne Langley plots towards the end of the INTEX/ITCT experiment (i.e., late July-early
August 2004). The calibration in all but one AATS-14 channel changed by less than 0.6%
between pre-mission and in-mission calibrations; the calibration for the 499 nm channel, which
is most relevart to this study, changed by 0.4%. The resulting uncertainties in the derived AOD
at 499 nm presented in this paper, including uncertainties due to imperfect tracking, calibration
Rayleigh and absorbing gas subtraction, and airmass factor calculation were in the range of 0.002

to 0.006.

3 Derivation of aerosol radiative forcing efficiency

3.1 Methodology

The basic idea for determining the direct instantaneous aerosol radiative forcing efficiency, E;,
from combined airborne AOD and irradiance measurements is to find the slope of the regression
line of the spectral irradiance against midvisible AOD. To illustrate our methodology, Figure 2
shows the time traces of aerosol optical depth at 499 nm and numerically integrated broadband
net (downwelling minus upwelling) irradiance between 350 and 700 nm (hereafter referred to as
“visible broadband”), Fnet(350-700 nm) for a case study on July 21, 2004. The increase in AOD
by about 0.13 is accompanied by a decrease in net visible broadband irradiance of more than15
W mi2. To filter out fluctuations in the SSFR data caused by aircraft pitch and roll, the SSFR

observations were screened to allow only those data points for which the cosine of the solar



zenith angle with respect to the sensor differed by less than 3% from the cosine of the solar
zenith angle with respect to the leveled plane [Pilewskie et al., 2003]. The AOD and irradiance
data are then binned into AOD intervals of 0.005 or 0.01 width depending on data density during
the observation period for each case study. Figure 3a shows the plot of the binned visible
broadband net irradiance shown in Figure 2 versus AOD at 499 nm. The sope of the linear least-
square regression line to the data yields the instantaneous forcing efficiency, E;, in units of W m2
per unit midvisible AOD. The same procedure used for the numerically integrated broadband
irradiance in Figure 2 can be applied to the spectrally resolved SSFR irradiance data. The slope
of the regression line then yields the spectral instantaneous forcing efficiency in units of W m?
nm* per unit midvisible AOD. Figure 3b and 3c illustrate the regression plots of spectral net
irradiance at 506 nm and 1604 nm respectively for the same case study. Note the difference in

units by comparison to Figure 3a.

3.2 Correction for changesin thesolar zenith angle

Even in the absence of aerosol effects on the net irradiance measurements shown in Figures 2
and 3, there would be a change in the measured net irradiance caused by the change in the solar
zenith angle during the observation period. Hence, to isolate the aerosol-induced effect, a
correction of the irradiance measurements for the change in solar zenith angle is required. In
addition to the dashed- line regression of the actual measurements depicted as squares, Figures
3a-c aso contain circles and corresponding solid regression lines, which represent the irradiance
measurements after such a correction for the change in the solar zenith angle has been applied.

To compute this correction we utilized simplified expressions for aerosol induced irradiance



changesderived by Russell et al. [1997] and Russell et al. [1999], based on the 2-stream
approximation Russell et al. [1997] introduced an analytical expression for the change in the
atmosphere-plus-surface abedo, DR, at the top of the aerosol layer and showed that their result
agreed well with adding-doubling calculations over awide range of conditions and aerosol

properties. Specifically, here we use equation (1) of Russell et al. [1999]:
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to estimate the change in the downwelling irradiance at the surface, F , caused by achangein
the solar zenith angle during the observation period for each case study. In equation (1), F
and F o arethe downwelling direct and diffuseirradiance at the top of the aerosol layer,

respectively; T, isthe transmission of the agrosol layer, Rsis the surface albedo, R_and Ra are
the reflectivity of the aerosol layer and of the atmosphere above the aerosol layer, respectively;
my is the cosine of the solar zenith angle, and overbars designate quantities for isotropic incident
radiation(i.e., averaged over mp). Valuesfor T and Ras functions of AOD were computed using
expressions derived by Coakley and Chylek [1975], while the diffuse and direct incident
irradiance were computed using SBDART [Ricchiazz et al., 1998] for a mid- latitude summer
atmosphere model. The computations were carried out assuming that the aerosol layer has a
geometric thickness of 3km, that the aerosol microphysical properties (asymmetry parameter and
single scattering albedo) did not change during the observation period, and that no Rayleigh

scattering or gaseous absorptionoccurred within the aerosol layer. Equation (1) is derived

assuming that the base of the aerosol layer is at the surface, which itself is assumed to reflect



diffusely. This formulation accounts for reflections between the aerosol layer and the overlying
atmosphere, and reflections between the aerosol layer and the surface. The two terms in equation
(2) represent the aerosol effect on the direct and diffuse component of down-welling irradiance
respectively. To convert the calculations of surface irradiance to net irradiance we used the
spectrally constant expression for the surface albedo as a function of solar zenith angle given by
Taylor et al. [1996]. The magnitude of the corrections to the irradiance measurements thus
derived can be seen as the difference in the squares and circles in the regession plots shown in
Figures 3a-c. For example, for the integrated broadband visible net flux shown in Figure 3a, the
maximum my-correction applied to the irradiance measurement at an AOD of 0.46 is about 3.5 W
mi2. The aerosol effect over the entire time period on the other hand is about 15 W mi?, which
means that the aerosol effect for this case study is a factor of four larger than the effect of the

changing solar zenith angle.

3.3 Resultsfor all 10 suitable case studies

In INTEX/ITCT, flying at the J31 minimum flight altitude of ~80 m ASL, we observed atotal of
14 horizontal AOD gradients, with 10 gradients well suited for our analysis because of the small
changes in solar zenith angle during the gradient measurements. Figure 1 shows the tracks of the
J31 aircraft during the 14 observed AOD gradients. More than half of the AOD changes Dt (at
wavelength499 nm) were greater than 0.1 and extended over distances less than 40 km. Table 1
summarizes observational conditions and results of the 14 gradient cases, including the 10 cases
deemed suitable for analysis. The fourth column shows the ratio of the changein m to the

change in midvisible AOD. Because the four discarded cases would have required a larger ny-
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correction of the net irradiance than was measured due to the aerosol effect, we conclude that the
conditions (1) Dt >0.05 and (2) Dmy/Dt «1 are necessary conditions for the successful application
of the gradient method presented here. The four cases (#1, #6, #13 and #14) in Table 1 that did
not fulfill the conditions above are not considered further in this paper. As an additional selection
criterion, Table 1, column 5 contains the RE-statistics of a univariate regression (with AOD as the
regressor) and a bivariate regression (with AOD and my as regressors) of the visible broadband
irradiance against midvisible AOD. Here, R is a measure of the explained variability in the
irradiance data due to the regressor(s). It can be seen that in all but one of the 10 cases that fulfill
conditions (1) and (2) above, the explained variability does not increase in the bivariate
regression, indicating that in those cases, changesin AOD are sufficient to explain the measured
changes in net irradiance.

Figures 4a and 4b show the derived instantaneous spectral net forcing efficiencies, E;, at 506 and
1604 nm for all 10 case studies described in Table 1. Figures 4c and 4d show the derived
broadband net forcing efficiencies for the same cases studies for the spectral range of 350 to
1670 and 350 to 700 nm respectively. Within the 10 case studies we found a high variability in
the derived instantaneous aerosol forcing efficiencies. For the broadband visible wavel ength
range (350- 700nm), we derived a mean instantaneous forcing efficiency of -79.6Wm? and a
standard deviation of 21.8Wni?(27%). The mean instantaneous forcing efficiency for the visible
plus near-1R wavelength range (350-1670nm) was -135.3Wni? with a standard deviation of
36.0Wn2(27%). The similarity in derived efficiencies for cases flown back to back (e.g., case 4

and 5) supports the validity of our method.
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Figures 4c and 4d are plotted at the same scales to illustrate the very different effects on the
various spectral ranges. In comparing Figures 4aand 4b, it is obvious that the absolute forcing
efficiency is much larger for the visible channel than it is for the near-IR channdl. This is because
aerosols scatter radiation more effectively in the visible portion of the spectrum compared to the
near-infrared and also because there is a greater amount of solar radiation available in the mid-
visible. To remove the variability due to the spectra distribution of solar irradiance we introduce

“relative forcing efficiency”, which is the instantaneous absol ute forcing efficiency shown in
Figure 4 normalized by the incident, downwelling irradiance, € =E / F . Figure5 showsthe

relative forcing efficiency, g, for the same wavelengths and case studies given in Figure 4.
Comparing Figure 5a and 5b, we note that the aerosols present during the 10 INTEX/ITCT case
studies presented here reduce the net irradiance at the visible wavelength (506 nm), by between
10 and 25% of the downwelling, but they have a much smaller relative effect on the near-IR
irradiance (1604 nm). The fact that 3 of the 10 cases studied show physically implausible
positive forcing efficienciesat 1604 nm illustrates the uncertainty of our method for the small
absolute irradiances at that wavelength. To calculate the uncertainty in forcing efficiency we
used standard expressions for the uncertainties in regression line parameters (cf., Bevington and
Robinson, 1992). Since the forcing efficiency is derived as the slope of the regression line of net
irradiance versus AOD, the uncertainty in the forcing efficiency is smply the uncertainty of the
slope of the regression line. Uncertainties thus derived are shown as error bars in Figures 4 and
5. We see that the uncertainties for two of the three cases with positive forcing efficiencies at

1604 nm reach into the physically plausible negative forcing region.
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In comparing Figures 5¢ and 5d, we find that the relative forcing efficiencies for the two
broadband regions, 350-700 and 350-1670 nm are similar. The range of Angstrom parameters
(i.e, the negative of the lope of the line fit between In(l ) and In(t), not shown here) for the 10
case studies was well-confined in the range between 1.2 and 1.8 and generally did not change
during the measurements for each case, supporting the implicit assumption that changesin
aerosol optical depth were due to changes in concentration rather than changesin size or
composition However, for a small number of cases, there was a change in the AATS-derived
measurements of columnar water vapor coincident with the aerosol gradient. In these cases, the
derived aerosol broadband forcing efficiencies between 350 and 1670 nm will be affected,
because of water vapor absorption at wavelengths greater than 700 nm. The visible (350 — 700
nm) broadband forcing efficiencies are much less affected by changes in columnar water vapor
during the aerosol gradient observations.

As an extension of Figure 5, Figure 6 shows the instantaneous spectral relative forcing
efficiency, g, for the five SSFR channels at 380, 506, 762, 1052 and 1604 nm. These channels
were chosen because they are largely unaffected by water vapor absorption and hence changesin
columnar water vapor during the aerosol gradient observations. Figure 7 indicates that the
relative forcing efficiencies decrease monotonically from the near-UV to the near-IR for al 10
cases, with some case studies showing an ailmost linear trend in the wavelength range covered
here. This finding could have an important implication for experimental assessments of aerosol
radiative forcing of climate in the future. The near- linear relationship suggests that a rather
simple parameterization scheme could be employed to model the surface radiative forcing of

aerosol layers under varying levels of incident solar radiation.
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3.4 Estimation of broadband visible aer osol single scattering albedos

To answer the question what range of aerosol single scattering albedos may be most consistent
with the measured irradiance and AOD gradients, we now describe a simple estimation scheme
for the broadband visible aerosol single scattering albedos, v . Specifically, we use the ratio of
regressed net irradiance at the smallest AOD to the regressed net irradiance at the highest AOD
in the regression plots of net irradiance versus mid-visible AOD (hereafter referred to as Qmeas).
For each case study, we use equation (1) above to compute Q(V ,) as afunction of aerosol single
scattering albedo and compare our computations to the value of Qmeas. The vaue of v , for which
the difference between Q(V ) and Qmeas IS SMallest is thus the best-estimate single scattering
albedo. To minimize computationa effort, we investigate only the broadband visible spectral
region, seeking the best- fit aerosol single scattering albedo assumed to be constant between 350
and 700 nm. In our computations of the theoretical flux gradients, we used the Angstrom
parameters derived from the AATS AOD spectrato determine the spectral AOD between 350
and 700 nm and we assumed a spectrally constant asymmetry parameter of 0.7. Column 8 of
Table 1 shows the best-fit single scattering albedos thus derived. To estimate the uncertainty in
V , We used standard equations (cf., Bevington and Robinson, 1992) to propagate the
uncertainties in the regression line fit parameters into Qmeas The range of single scattering
albedos for which the computations of Q(V ,) are within the range of uncertainties of Qneas are
reported as the uncertainty in aerosol single scattering albedo in column 8 of Table 1. Hence, the
uncertainty in single scattering albedo is a direct reflection of the quality of the regression line fit

of net irradiance versus mid-visble AOD.
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Assuming an asymmetry parameter of 0.65 or 0.75 in our computations of Q(Vv ,) changed our
estimated single scattering albedos by less than 0.02. We note that the generally lower estimates
of aerosol single scattering albedo of about 0.9 on July 21 and 23, 2004, are consistent with
tragjectory analyses, which showed the INTEX/ITCT study area affected by long range transport

of biomass burning aerosol from Alaskan forest fires during that time period.

3.5 Trandation of instantaneous for cing efficienciesto diurnally-aver aged values and
comparisons with previous studies

In addition to using equation (1) above to correct for the changes in net irradiance caused by
changes in my during the observation period, we further employed the equationto calculate the
diurnal cycle of the aerosol radiative forcing. This procedure is necessary to trandate the derived
instantaneous radiative forcing efficiency, E;, to a diurnally averaged forcing efficiency, Ezan,
using:

E,., = CFidt /24h 2

24n
Equation (2) holds for both the forcing efficiency as shown, and also for the absolute forcing,
DoanF. Figure 7a shows the diurnal variation in the net visible broadband aerosol radiative
forcing, DF, for the 10 cases studies discussed in the previous section. For each of the 10 case
studies, there are three curves corresponding to pairs of aerosol single scattering albedo and
asymmetry parameter of 0.9/0.65, 0.95/0.7 and 1.0/0.75, respectively. Aerosol optical depths
were assumed to be equal to the mean values obtained during the gradient flights described

above. After integration over the diurnal cycle the curvesin Figure 7a can be trandated into a
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conversion of the instantaneous radiative forcing to the diurnal average. Thisratio isshownin
Figure 7b as a function of the cosine of the solar zenith angle, my. The thick black linesin Figure
7b denote the mean (solid) and standard deviation (dashed) of the 30 curves in Figure 7a
respectively. It can be seen that despite the large absolute range of instantaneous forcings, the
ratios of instantaneous forcings to 24-h averages are rather well confined. For example, at a my of
0.8 the mean and standard deviation of the ratio is about 1.7 and 0.15 respectively. An
application of the mean conversion curve given in Figure 7b to the instantaneous forcings and
forcing efficiencies in Table 1 yields the diurnally averaged forcing efficiencies of
-45.8+13.1Wm? (meantstd, given in column 9 of Table 1) for the visible, and -82.9+23.1Wm?
(meanzstd) for the visible plus near-IR wavelength range (not shown in Table 1), respectively.
Because most case studies occurred at comparable solar zenith angles (my ~0.85), the standard
deviationof the 24-h average forcings is similar to the standard deviation of the instantaneous
forcings.

Comparing our results with previous, radiometrically-determined estimates of direct aerosol
radiative forcing in the peer-reviewed literature, we note that the most readily reported quantity
isthe diurnally averaged direct radiative forcing efficiency, Ezan, a the surface. Kimet al. [2005]
report values for the broadband range of 300 - 4000 nm under dust and no-dust conditionsin
East Asia. Their values for Exapn range from -55 to -104 W m2 per unit optical depth, the latter
under dust conditions. Hence, their results bracket our 10-case average value of -82.9+23.1
(meantstd) W mi%. Meywerk and Ramanathan [1999] report a noon-time forcing efficiency that
translates to a diurnal average value of about -48 W m per unit optical depth for the wavelength

range of 400 to 700 nm during the INDOEX campaign, which isclose to our value of 45.8 W m
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2. but appears small considering the high aerosol absorption measurements encountered during
INDOEX. Finally, Bush and Valero [2002, 2003] report values from ground-based radiometer
measurements in INDOEX and ACE-Asia. They retrieve mission-average values for the visible
broadband Ez4n (400-700 nm) of 38.5+4.0 and 42.2+4.8 W mi? per unit optical depth for
INDOEX and ACE-Asiarespectively. For the entire solar spectrum (300-3810 nm) they obtain
Ean Of 72.2+5.5 and 73.0£9.6 W mi? per unit optical depth for the two experiments respectively.
These values are lower than the values reported here but they are within one standard deviation

of our results.

4 Discussion

As part of the INTEX/ ITCT field studies, we present measurements from aboard a Sky Research
Jetstream 31 (J31) aircraft. The combination of coincident and simultaneous AATS and SSFR
measurements was used to determine the change in net irradiance per change in aerosol optical
depth (i.e., the direct aerosol radiative forcing efficiency [W mi?]), a technique referred to as the
aerosol gradient method. Unlike ground-based measurements of direct aerosol radiative forcing
which rely upon the advection of various air masses over a measurement site during an extended
period of time, the aerosol gradient method has the advantage of being quasi-instantaneous. The
airborne method minimizes the risk of changes in thermodynamics or aerosol microphysics
during the observations.

We observed atotal of 14 horizontal AOD gradients, with 10 gradients well suited for our
analysis because of the small changes in solar zenith angle during the gradient measurements.

More than half the cases had AOD changes Dt (499 nm) grater than 0.1 and extended over
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distances less than 40 km. Within the 10 case studies we found a high variability in the derived
instantaneous aerosol forcing efficiencies (forcing per unit optical depth) for the visible
wavelength range (350-700nm), with a mean of -79.6 W m? and a standard deviation of 21.8 W
m2(27%). The mean instantaneous forcing efficiency for the visible plus near-1R wavelength
range (350-1670nm) was derived to be -135.3 W m? with a standard deviation of 36.0 W m
2(27%). An analytical conversion of the instantaneous forcing efficiencies to 24h-average values
yielded -45.8+13.1 W mi? (mean+std) for the visible and -82.9+23.1 W mi? (mean+std) for the
visible plus near-IR wavelength range, respectively. The large spread in the individual casesis
probably caused by the wide range of aerosol types and aerosol absorption values encountered
during INTEX-B. We show that our broadband forcing efficiency results are consistent with
previously reported values from ground-based observations during ACE-Asiaand INDOEX. The
spectral dependence of the relative forcing efficiency, i.e., the forcing efficiency normalized to
incident downwelling irradiance, was shown to be monotonically decreasing from the near-UV
to the near-1R, with some cases exhibiting a near- linear spectral dependence. Estimates of the
aerosol single scattering albedo obtained from matching 2-stream radiative transfer calculations
with measured gradients in aerosol optical depth and net irradiance were consistent with
independent trajectory analyses and satellite imagery, which showed the influence of biomass
burning aerosol from Alaskan forest fires during the first half of the INTEX/ITCT experiment.
In conclusion, airborne measurements of spectral direct aerosol radiative forcing efficiency have
been proven to be a powerful tool in determining the regional effects of aerosols on climate. The

forcing efficiencies derived here are likely of high value for improving and testing regional
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climate models and should therefore be carried out more frequently in different geographical

locations.
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Figure captions

Figure 1. Geographical location of the fourteen J31 aircraft flight segments used in this study, in
the Western Gulf of Maine.

Figure 2 Time series of numericaly integrated broadband visible (350-700nm) net irradiance
(blue) and midvisible (499 nm) aerosol optical depth (red) for INTEX/ITCT case study 2, July
21, 2004.

Figure 3. a) Regression plot of binned broadband visible net irradiance shown in Figure 2 versus
midvisible aerosol optical depth. The slope of the regression line yields the instantaneous aerosol

radiative forcing efficiency, DiE(350-700 nm). b) Like @), but for the spectral net irradiance at
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506 nm. c) Like b), bu for the spectral net irradiance at 1604 nm. Note the difference in units
between @) and b) or ¢).

Figure 4. @) Derived instantaneous spectral net aerosol radiative forcing efficiency, DIE, for the
SSFR channel at 506 nm for the 10 case studies listed in Table 1. b) Like a), but for the SSFR
channel at 1604 nm. c¢) Like @), but numerically integrated over the spectral range between 350
and 1670 nm. d) Like c¢), but numerically integrated over the spectral range between 350 and 700
nm. The squares represent the forcing efficiencies without a correction for the changing solar
zenith angle.

Figure 5. @) Derived instantaneous spectral net relative aerosol radiative forcing efficiency, diE,
(normalized to downwelling irradiance) for the SSFR channel at 506 nm for the 10 case studies
listed in Table 1. b) Like a), but for the SSFR channel at 1604 nm. c) Like &), but numerically
integrated over the spectral range between 350 and 1670 nm. d) Like c), but numericaly
integrated over the spectra range between 350 and 700 nm. The squares represent the relative
forcing efficiencies without a correction for the changing solar zenith angle.

Figure 6. Derived instantaneous spectral net relative aerosol radiative forcing efficiency, diE, as
a function of wavelength for the 10 case studies listed in Table 1.

Figure 7. @ Diurna variation of the instantaneous aerosol radiative forcing, DiF(350-700 nm),
for the 10 case studies listed in Table 1for 3 pairs of aerosol single scattering albedo and
asymmetry parameters (0.9/0.65, 0.95/0.7, 1.0/0.75). b) Ratio of instantaneous to diurnaly
averaged aerosol radiative forcing for the set of curves shown in a). The solid and dashed black
line represents the mean and the standard deviation of he set of curves in a), respectively.
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Table 1. Summary of gradient cases used in this paper. All irradiance results are given for the

wavelength range of 350 to 700 nm. All optical depth results are reported at 499 nm. The mean

absolute forcings, DF, are calculated by multiplying the forcing efficiencies, E;, by the mean

aerosol optical depth during each of the gradient measurements.

# | Date | Dt, digance[km] | Dm, | RA(t), E DF Vo Ezan DaanF
in ot | R(t.m) unc. unc. unc. unc. unc.
2004 W nmi?] | [W m?] W nmi?] | [W mi?]
1 |7/17 | 20016(25.2%) | 0.31 | 0.54
15.3km 1.00
2 [7/21 | 20134 (41.5%) | 0.04 | 0.92 1111 | -434 [ 089 | -64.2 -25.1
30.2km 0.92 7.8 30 | 009| 76 3.0
3 [7/22 | 20.069(14.7%) | 0.05| 056 -73.2 -36.9 | 096 | -42.7 -215
13.2km 0.56 35.3 178 | >01| 211 10.6
4 [7/23 | 20.201(40.0%) | 0.02 | 0.88 1062 | -641 | 089 -62.1 -375
22.5km 0.88 7.2 44 | 009| 77 4.6
5 [7/23 | 20.070 (11.0%) | 0.02 | 0.65 1099 | -734 | 0838 | -64.2 -42.9
8.0km 0.88 27.1 181 | >01| 171 115
6 [7/23 | 20.039(5.1%) | 0.03| 0.92
6.8km 0.95
7 | 7/29 | 20143 (38.1%) | 0.02 | 0.93 -73.1 -326 | 096 | -425 -19.0
18.7km 0.95 6.1 27 | 006| 55 2.5
8 [7/29 | 20.378(91.3%) | 0.02 | 0.78 -55.3 -334 [ 099 | -322 -19.4
28.4km 0.81 3.9 23 | 002| 40 2.4
9 [7/29 | 20177 (35.1%) | 0.00 | 0.89 -65.6 -388 | 097 | -385 -22.8
6.5km 0.89 4.1 24 | 004| 47 2.8
10 | 8/02 | 20.245 (124.6%) | 0.03 | 0.97 -80.9 -258 | 096 | -465 -14.8
42.9km 0.97 2.4 08 | 002| 45 1.4
11| 8/02 | 20.219 (111.8%) | 0.05 | 0.78 -58.6 -17.9 [ 098 | -341 -10.4
44.7km 0.85 3.6 1.1 | 002| 40 1.2
12 [ 8/03 | 20.095(25.5%) | 0.23 | 0.86 -61.4 -257 | 100 | -313 -13.1
33.1km 0.86 21.3 89 |>01]| 1009 45
13[8/07 | 20.02(27.6%) | 1.00 | 0.67
64.4km 1.00
14 | 8/08 | 20.036 (66.5%) | 0.58 | 0.88
108.3km 0.99
mean = -79.5 -39.2] 0.95 -45.8 -22.6
std = 21.8 17.3| 0.04 13.1 10.3
rel std=| 27.4%| 442%|45%| 286%| 45.6%
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